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In the present study, Al 1070 wires were subjected to rotary swaging (RS) with various strains at room tem-
perature. The effect of RS on the microstructure, mechanical property and electrical conductivity was in-
vestigated by EBSD, TEM, micro hardness and tensile tests. The results showed that the grains of Al 1070 have
been significantly refined and elongated during RS deformation and a fibrous structure has been formed. The
elongated grains are mainly composed of sub-grains, which have a high fraction of low angle grain boundaries
(LAGBs) up to 75%. Meanwhile, the volume fraction of <11 1) fiber texture components increased during RS
processing. Due to the refined microstructure, the microhardness and the tensile property of the Al 1070 wires
were increased by 54% and 70% after RS deformation at an equivalent strain of ~2. Meanwhile, the combi-
nation of the tensile strength and electrical conductivity was improved dramatically. The electrical conductivity
of the Al 1070 wires decreased gradually to 56.7% IACS from 58.6% IACS, which is only 1.9% IACS lower than
the as-received one. It is proved that grain morphology of the Al wires plays a critical role in controlling the

strength-electrical conductivity relation.

Introduction

Pure Al and its alloys are widely applied in the overhead conductor
wires, owing to their good electrical conductivity, excellent corrosion
resistance, low density, high specific strength and lower cost [1,2].
Achieving high strength and good electrical conductivity in metallic
metals is always the aspiration in electrical industry, which supplies the
insurance for safety and energy saving. However, the relatively low
strength of aluminum limits its application seriously. Furthermore,
strength and electrical conductivity are always mutually exclusive in
metallic conductive materials. Therefore, an optimum combination of
conductivity and tensile strength for aluminum wires is required for
use.

In order to increase the strength of the metallic materials, the main
strengthening mechanisms have been reported and utilized including
grain boundary strengthening (Hall-Petch effect), dislocation strength-
ening, precipitation strengthening and solid solution strengthening
[3-8]. However, all these factors which increase the strength of the
alloy tend to cause lattice distortion to different extent and decreases
the electrical conductivity correspondingly because of the scattered
conducting electrons [9,10]. Usually, solute atoms are widely re-
cognized as having the most harmful effect on electrical conductivity,
whereas grain boundaries may be considered as the least efficient
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lattice defects on scattering electrons in metals [11]. Thus, grain re-
finement down to sub-micron or nano-scale is an efficient approach to
increase the mechanical strength without significant degradation on
electrical conductivity [12].

Grains of metals can be significantly refined by subjecting the ma-
terials to severe plastic deformation (SPD) processes and the most sig-
nificant advantage of SPD processes is their ability to effectively en-
hance physical and mechanical properties of the initially coarse-grained
metal via effectively grain refinement process and imposing high
amounts of shear strain [13,14]. Al alloys with enhanced strength were
obtained using various severe plastic deformation methods such as
equal channel angular pressing (ECAP) [15], high-pressure torsion
(HPT) [1,16], accumulative roll-bonding (ARB) [17] and twist channel
angular pressing (TCAP) [18]. However, the samples of the above
methods are always too small to be applied on conductor wires.
Meanwhile, the actual production processes of aluminum wires, such as
drawing and extrusion, have high energy consumption, poor product
quality and limited ability to refine grains. Thus, a reliable, eco-friendly
and commercial method still remains to be developed. Rotary swaging
(RS), as a relatively new SPD processing technique, can be used to
prepare bulk samples including rods, tubes and wires through the re-
peated action of rotating split dies and then achieves substantial grain
refinement [19]. As shown in Fig. 1, there are 4 dies arranged
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Fig. 1. Schematic diagram of rotary swaging technology.

concentric around the work piece, and these dies move in both radial
and axial direction to reduce diameter at a certain position of the work
piece or form a concave profile. The advantages of RS also include good
surface accuracy, material conservation, and low cost [20].

Even though there are several studies on the microstructure evolu-
tion and mechanical properties of the commercial pure aluminum
during RS processing, the investigations about its comprehensive effects
on the microstructure, strength and the electrical conductivity are still
limited. In this work, RS was applied to Al 1070, which aimed to im-
prove the combination of the strength and electrical conductivity.
Furthermore, the underlying influence mechanisms of RS on the mi-
crostructure, electrical conductivity and mechanical properties of Al
1070 were also explored.

Experimental methods

The experiments were carried out on commercial pure aluminum Al
1070 and the chemical compositions are illustrated in Table 1.

The original aluminum rod with an initial diameter of 30 mm was
subjected to RS at ambient temperature with various deformation
strains to a final diameter of 11 mm. The equivalent strain induced by
RS is defined as:

¢ = 2InDy/D (@)

where Dy and D are the diameter of the rod before and after RS, re-
spectively. Four samples were selected with increasing deformation
strains, which are named as RS1, RS2, RS3 and RS4, and the specific
parameters are shown in Table 2.

Hardness and tensile tests were conducted on the above samples
with increasing strains. Vickers hardness (HV) was measured on the
cross section of the Al 1070 rods using a HMV-G 21DT (Shimazdu,
Japan) equipment at the load of 490 mN and dwelling time of 15s. The
tensile test was tested at room temperature on the WB-LFM 20 KN
universal test machine with a constant strain rate of 5 x 10™4s7! ac-
cording to the ASTM E21 standard and the tensile direction was parallel
to the swaging direction. The electrical conductivity was measured at
room temperature using a Sigma 2008B digital conductivity meter and
at least 30 measurements were taken to obtain the average value as a
relative value of the International Annealed Copper Standard (%IACS).

Microstructures of the RS processed specimens were analyzed by
electron back-scattering diffraction (EBSD) and transmission electron
microscopy (TEM). EBSD was used to characterize the grain structure
and sub-grain boundary misorientation distribution in the samples.

Table 1

The chemical composition (wt%) of AA 1070.
Al Si Fe Cu Mn Mg Zn Ti
99.7 0.11 0.18 0.02 0.014 0.01 0.01 0.01
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Table 2
The specific parameters of the Al 1070 samples before and after RS deforma-
tion.

Condition As-received RS1 RS2 RS3 RS4
Diameter (mm) 30 23.4 18.2 14.2 11
Area reduction (%) 0 39.2 63.2 77.6 86.6
Equivalent strain 0 0.5 1 1.5 2

Specimens for EBSD studies were first mechanically ground up to 1000-
grit SiC paper and subsequently electrolytic polished for 15s at 20 °C
and a voltage of 20 V in an etching solution containing 10% perchloric
acid and 90% alcohol by volume. The EBSD measurements were carried
out by using a Zeiss Auriga field emission scanning electron microscope
(SEM) equipped with an Oxford HKL Channel 5 system. TEM observa-
tions were also carried out using JEOL 2000EX transmission electron
microscope operating at 200 kV. For this purpose, specimens of 3 mm
diameter were obtained by punching, grounding down to a thickness of
70 um and finally twin-jet electropolishing with a solution containing
33% nitric acid and 67% methanol at a voltage of 35V and a tem-
perature of —35 °C.

Results
Microstructure characterization

To investigate the influence of RS processing on the structural
evolution, an EBSD analysis was conducted. Orientation distribution
maps and inverse pole figures presented in Fig. 2 show the micro-
structures and textures of the Al 1070 before and after RS processing
with an equivalent strain of 2, respectively. We can see from Fig. 2a that
the microstructure of as-received material consists of a relatively coarse
grain size of about 150 um. After RS processing, the fibrous structures
along the swaging direction replace the original equiaxed grains. The
adjacent grain boundaries consisting of HAGBs are almost parallel to
each other and the thickness of the elongated grains is used to denote
the grain size which is about 20 um as shown in Fig. 2c. Therefore, a
significant grain refinement has been achieved after RS processing for
an equivalent strain of 2. Furthermore, it can be observed that the
unprocessed Al sample exhibited more or less random grains orienta-
tions, having <0 0 1) texture as the preferential orientation. During the
RS processing, the grains of <00 1) orientation tend to be reduced in
quantity and gradually rotate towards <111)> orientation and the
mainly texture components are strong <0 0 1> and <1 1 1) fiber textures,
which are the typical ones in the face-centered-cubic (FCC) metals after
cold deformation [21].

To investigate the densities of the different types of boundaries, the
grain boundary map for the EBSD data is presented in Fig. 3a with
corresponding misorientation angle distribution histogram in Fig. 3b
for the sample after RS processing with an equivalent strain of 2. In the
grain boundary map, boundaries are presented as fine red lines for low
angle grain boundaries (misorientation angle of 2-15°, LAGBs) and high
angle grain boundaries (misorientation angle exceeding 15°, HAGBs)
are presented as thick black lines. As shown in Fig. 3b, it can be seen
that the misorientation angle is mainly distributed at 2-15° after RS
processing with a high fraction of LAGBs of 75%. The high fraction of
LAGBs means that a large number of sub-boundaries are formed by the
dislocation tangle during the RS deformation and the elongated grains
are mainly composed of sub-grains.

TEM was further used to analysis the grain structure of the sample
in its cross and longitudinal sections after RS processing as shown in
Fig. 4. The bright-field image in Fig. 4a shows that the microstructure in
the cross section normal to the swaging directions composed of a large
number micron sized grains. It is obvious at high magnification in
Fig. 4b that the ill-defined boundaries of these grains are formed by
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Fig. 2. The orientation distribution maps and inverse pole figures of the (a, b) as-received and (c, d) RS processed Al 1070 with an equivalent strain of 2.

dislocation tangle and these small grains are sub-grains. Along the
swaging direction in the longitudinal section, many bands of elongated
substructures can be observed in Fig. 4c, d. It is also noted that a re-
latively low density of lattice dislocations can be seen in the grain in-
terior and most of grains are very clean indicating the occurrence of
dislocation recovery during RS deformation. As the stacking fault en-
ergy of aluminum alloy is relatively high and the self-diffusion energy is
less, dislocations are easier to recover due to the dominating wavy slip
mode [22,23].

Mechanical properties and electrical conductivity

The microhardness and tensile strength of the Al wires before and
after swaging with different equivalent strains are shown in Fig. 5. As
shown in Fig. 5a, the microhardness of as-received material was
~25.6 HV and it increased with the increasing strain. At an equivalent

strain of 2, it reached up to ~39.5 HV, 54% higher than that of the as-
received one. The engineering stress—strain curves of the samples with
different deformation strains are shown in Fig. 5b. It can be seen that
the yield and tensile strength were also greatly enhanced at ¢ = 2 which
increased by 194% and 70%, respectively. However, the elongation
decreased dramatically after RS processing, which is consistent with
typical strength and ductility tradeoff relationship.

Fig. 6 illustrates the fracture surfaces of the as received and RS
processed Al 1070 samples after tensile tests to investigate the failure
mechanism. A typical ductile fracture with a large number of dimples
can be seen in the as-received sample (Fig. 6a). However, the dimple
size decreased slightly after RS processing and shear zones can be seen
as shown in Fig. 6b.

The measured electrical conductivities of the Al wires before and
after RS are presented in Table 3. It can be seen that electrical con-
ductivity of the as-received material equaled to 58.6%IACS. The

Avg. misorientation angle 14°

Fraction of LAGBs: 75%
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Misorientation angle( ®)

Fig. 3. (a) Grain boundary map; (b) Histogram of the variation of misorientation angle of the RS processed Al 1070 with an equivalent strain of 2.
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Fig. 4. TEM bright field micrographs for RS processed sample (a, b) normal (c, d) parallel to the swaging direction.

electrical conductivity of the samples decreased gradually with in-
creasing RS deformation strain. However, it decreased to 56.7% IACS
when accumulated strain reaches about 2, which is only 1.9% IACS
lower than the as-received sample.

The tensile strength and electrical conductivity values of Al1070
alloy after different deformation strains are plotted as a function of
equivalent strains illustrated in Fig. 7. The curves suggest that RS
processing leaded to a significant increase of the strength, whilst a
slight decrease of the electrical conductivity. The reduction in electrical
conductivity is only 1.9% IACS when the accumulative equivalent
strain is bout 2, while the tensile strength increased by 70% compared
with the as-received material. Therefore, the combination of the tensile
strength and electrical conductivity has been improved dramatically
after RS processing.

Discussion

Based on the above analysis, it can be seen that the microstructure
of the Al 1070 wires has been refined significantly during the RS de-
formation. Meanwhile, the strength and electrical conductivity of the
samples varied with the development of the microstructure. Grain
structure, dislocation, texture are the main microstructure character-
istics in the present samples. As shown in Fig. 4, the density of dis-
locations in the RS processed samples keeps in a relatively low level,
because the dislocations tend to recover during the deformation due the
relatively high stacking fault energy of Al. However, the types of texture
and the characteristics of grains changed obviously with the increasing
deformation strain. Therefore, the grain boundary strengthening and
texture strengthening should play a significant role during the RS
processing.

According to the Hall-Petch relation, grain refinement can
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Fig. 5. (a) Microhardness and (b) Engineering stress—stain curves of the Al wires before and after RS processing with various strains.
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Fig. 6. Fracture surfaces for (a) as-received (b) RS processed Al 1070.

Table 3
Electrical conductivities of the Al 1070 Al samples before and after RS.

Strain 0 0.5 1 1.5 2

Measured Electrical conductivity (%IACS) 58.6 58.5 58.2 57.8 56.7
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Fig. 7. Tensile strength and electrical conductivity variation with deformation
strain.

effectively improve the mechanical properties of metals. In the present
study, grains of Al wires have been elongated and refined significantly,
which also contain a large number of sub-boundaries. It is well known
that grain boundary can effectively hinder the movement of the dis-
locations and strengthen the materials [24]. Furthermore, the con-
tribution of LAGBs to strength of materials can be regarded as HAGBs
[25,26], which can be described by the following equation:

0, = 0y + kd™1/2 2)

where o; is the yield strength, d is the grain size, oy and k are the
constants equal to 20 MPa and 40 MPa umY: for aluminum [27]. In this
study, the smaller grain size and the higher density of LAGBs can ef-
fectively strengthen the strength of Al 1070. Taking LAGBs into ac-
count, the grain size is about 1um and the contribution to yield
strength is about 60 MPa, accounting for 86% of the increase in yield
strength, which means that the grain boundary strengthening is the
main contribution to the strength.

In addition, texture strengthening also contributes to the improve-
ment of the tensile strength. The orientation distribution maps in Fig. 2
show that the volume fraction of <11 1) fiber texture components in-
creased during the RS processing. Furthermore, the <1 1 1) orientation

has been reported as ‘harder’ orientation compared with <00 1) or-
ientation, because the Schmid factor (SF) of <1 1 1) is smaller than that
of <0 01>, which equal to 0.272 and 0.408, respectively [28,29]. Ac-
cording to the Schmid law, the decrease of SF indicates that the re-
solved shear stress acting on the slip system decreases and then larger
external stress is needed to activate the slip system. Therefore, the
strength of <11 1) oriented grains is always higher than that of <00 1>
oriented ones. Hence, the increase of <111)> texture during the RS
processing also contributes to the improvement of the tensile strength
to some extent. Meanwhile, grains in <1 1 1) texture with lower SF are
harder to activate slip during deformation, leading to the exhaustion of
plasticity.

As it is well known that, all strengthening factors lead to an addi-
tional distortion in the lattice, which can provide an additional increase
of electrical resistivity of metallic materials [30], and the well-known
Matthiessen’s rule can be expressed as [31]:

plolal =P + pss + pp + pd + Pgb (3)

where pyq is the total electrical resistance, p is the electrical resistivity
of the lattice, p, is the resistivity due to solute atoms dissolved in the
matrix, p, is the resistivity added by second-phase precipitates, p, is the
resistivity due to dislocations existed in the microstructure, pg, is the
resistivity due to grain boundaries. In this study, the effect of solute
atoms and second-phase precipitates on the variation of electrical
conductivity can be neglected and the effect of dislocations is also can
be ignored due to the recovery of dislocations. It is evident that the
grain size decreased significantly after RS processing, and then grain
boundaries should dominate the change of electrical conductivity in the
Al 1070 wires during the RS processing. Previous studies on pure Cu
and Al alloys have demonstrated that grain refinement can improve
mechanical strength of pure metals without much sacrifice of their
electrical conductivity [32]. It is due to the fact that the grain size is
much larger than the electron mean free path, so the boundary con-
tribution to the electrical resistivity can be regarded as negligible. Be-
sides, grains are elongated along the RS direction and a fibrous texture
is formed on the longitudinal section. On one hand, the thin and long
fibrous structure with a large number of sub-grain boundaries can im-
prove the strength caused by the Hall-Petch effect. On the other hand,
the elongated grain boundaries parallel to the direction of current,
which is beneficial to the electron transporting and significantly re-
duces the interfacial scattering. Therefore, the reduction of electrical
conductivity induced by the grain boundaries is very limited, compared
with its substantial contribution to the increase of strength. The var-
iation of the electrical conductivity and strength for the samples before
and after RS processing in Fig. 7 also shows a good accordance with the
microstructure evolution.

Based on the above results and discussion, it suggests that the grain
morphology in the CP Al conductor must be a critical factor controlling
the strength-electrical conductivity relation, which can be used to
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fabricate CP Al conductor with high strength and good conductivity. RS
processing is also proved to be an effective method to improve the
strength of aluminum wires without much sacrifice of the electrical
conductivity. In addition, RS can be used to produce bulk conductive
wires with various diameters in a progressive way and can be directly
applied to industrial production, which shows its superiority compared
with other traditional SPD methods with limited sample size.

Conclusions

In this study, Al 1070 was subjected to RS processing with various
strains and the effect of RS on the mechanical property and electrical
conductivity were investigated. The following conclusions could be
drawn as:

(1) The grains of Al 1070 have been significantly refined and elongated
during RS deformation and a fibrous structure has been formed. The
average thickness of the grains has been reduced to about 20 ym
after RS processing for an equivalent strain of about 2. The elon-
gated grains are mainly composed of lots of sub-grains, which leads
to the increase of low angle grain boundaries (LAGBs) up to 75%.
Meanwhile, the grains of <0 0 1> orientation tend to be reduced in
quantity and gradually rotate towards <1 1 1> orientation.

The microhardness of the Al 1070 wires increased with increasing
equivalent strain during RS processing and reached up to 39.5 HV
when the equivalent strain equals 2, 54% higher than that of the as-
received one. The tensile strength was also significantly improved
by 70% and increased to 109 MPa from 65 MPa after RS processing,
while the elongation showed a dramatic decrease.

(3) The combination of the tensile strength and electrical conductivity
has been improved dramatically after RS processing. The electrical
conductivity of the Al 1070 wires decreased gradually to 56.7%
IACS when accumulated strain reaches about 2, which is only 1.9%
IACS lower than the as-received sample.

It is proved that the elongated grain boundaries parallel to the di-
rection of current, which is beneficial to the electron transporting.
Therefore, the increased grain boundaries lead to a small reduction
of electrical conductivity, whilst a significant contribution to the
increase of strength.
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—
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